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Blends of sorghum and cowpea ﬂour (10%, 20% and 30%) were extruded at 20%, 22.5% and 25% moisture and 120 1C, 140 1C and 160 1C
barrel temperatures respectively, using a single-screw extruder. A central composite face-centered (CCF) design was used to model the speciﬁc
power consumption (SPC), torque, mass ﬂow rate (MFR) and apparent speciﬁc volume (ASV) of the sorghum–cowpea extrudates. The SPC,
torque, MFR and ASV varied from 201.71 to 229.28 Kw h1 kg1, 85 to 97 Nm, 1.94 to 2.31 g s1 and 4.01 to 6.36 cm3, respectively. The
SPC was signiﬁcantly (po0.05) inﬂuenced by the linear effect of feed composition and the interaction effects of feed moisture and extrusion
temperature. The torque was however signiﬁcantly (po0.05) inﬂuenced by the linear effect of feed moisture and the interaction effects
(po0.01) of feed moisture and extrusion temperature. The ASV was signiﬁcantly (pr0.01) inﬂuenced by the linear effect of extrusion
temperature and the quadratic effect of extrusion temperature as well as the interaction effects of feed composition and feed moisture. The
coefﬁcients of determination were 0.78, 0.79, 0.63 and 0.86 for SPC, torque, MFR and ASV, respectively. There was no signiﬁcant lack of ﬁt for
the SPC, torque, and MFR of the extrudates. The correlation coefﬁcients (r2) for the observed and predicted values were 0.88, 0.75, 0.78 and 0.93
for SPC, torque, MFR and ASV, respectively, indicating a good ﬁt for the model. The CCF was found appropriate in predicting the SPC, torque,
MFR and ASV of the extrudates.
& 2015 Association of Vice-Chancellors of Nigerian Universities. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The major cereals cultivated in Nigeria are sorghum, millet, rice
and maize. Nigeria is the largest producer of millet and sorghum in
Africa and the second largest the world over (FAO, 2004).
Sorghum however is still a crop of the small farmer, consumed
largely where it is produced (National Academy of Science (NAS),
1996). Another constraint on sorghum utilization has been the lack
of processed foods like ﬂour, meal, breads, or other materials for
use by those who cannot devote hours making ﬂour from the raw10.1016/j.nifoj.2015.04.002
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sities.grain. The development of a sorghum-based food processing
industry would do much to offset Africa's shift in demand towards
imported rice and wheat (NAS, 1996). Extrusion cooking, which is
advocated for the production of snack foods, breakfast cereals and
texturized vegetable protein (TVP) (Fellows, 2000; Bouvier, 2001
and Anuonye, 2012), is appropriate under this circumstance.
Extrusion is reported (Filli et al., 2014) to be central to value
addition of agricultural commodities, especially cereals and
legumes, to enhance food security and sustainable development.
The main purpose of extrusion is to increase variety of foods in
the diet by producing a range of products with different shapes,
textures, colours, and ﬂavours from basic ingredients (Lewis,
1987). It exhibits several advantages, the principal one being that
the ingredients undergo a number of unit operations, e.g. mixing,
shearing, shaping, cooking, drying and texturization, in one energyction and hosting by Elsevier B.V. This is an open access article under the CC
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distinct advantage when working with fabricated foods, since it is
possible, within technological limits, to adjust both the composi-
tion of starting material and duration of the process to maximize
structure and therefore, quality.
Extrusion cookers are extremely difﬁcult to model due to the
complex rheological properties and ﬂow behaviour of the pro-
cessed material, the poorly understood chemical reactions and the
almost limitless screw and die conﬁgurations possible (Elsey et al.,
1997; Filli et al., 2012). Extrusion of foods demands close control
of many variables such as feed moisture, feed composition, feed
particle size, feed rate, barrel temperature, screw speed, screw
conﬁguration and die geometry (Meng et al., 2010; Filli et al.,
2012). Fluctuations in torque and hence in energy indicate erratic
feeding, surging, and plugging of the extruder (Fichtali and van de
Voort, 1989). This could cause variations in the quality of the
extrudates. Modelling the torque, speciﬁc power consumption
(SPC) and mass ﬂow rate (MFR) of the process will stabilize
the system and also produce extrudates with consistent quality.
It has been realized by several authors (Tayeb et al., 1992;
Iwe, 2001, 2010) that the one-variable-at-a-time method
of experimentation is inappropriate in many circumstances.
Response surface methodology (RSM) is useful in particular
situations such as extrusion cooking, where several input
variables potentially inﬂuence some performance measure or
quality characteristic of the process (Carley et al., 2004).
Many Nigerians do not have enough access to animal
protein. The utilization of extrusion cooking and supplementa-
tion of sorghum ﬂour with plant protein such as cowpea ﬂour
in the production of a breakfast cereal is likely to increase
protein consumption of the consumers. Cowpea, being richer
in lysine than cereal grains, is also valued for its ﬂavour and
short cooking time and can be used in a wide variety of ways
principally as a nutritious component in human diet. In Nigeria
the beans are either eaten as boiled beans or consumed in other
forms such as moin-moin, akara or kosai, and danwake.
Traditional snack items are being replaced by fabricated alter-
natives usually produced using an extruder (Lasekan et al., 1996).
The production of breakfast cereals in Nigeria currently under-
utilizes extrusion technology and locally available raw materials
like sorghum and cowpea. Breakfast cereals available in the
Nigerian market such as Golden Morn, Fast-O-Meal, and corn
ﬂakes are all produced using maize as basic raw material. This
work was intended to model the effect of blending of sorghum
and cowpea ﬂour, and variation of feed moisture and extrusion
temperature on the torque, speciﬁc power consumption, mass ﬂow
rate and apparent speciﬁc volume of the extruded breakfast cereal
using response surface methodology (RSM).2. Materials and methods
2.1. Procurement of raw materials
The red sorghum variety (Chakalari red) was obtained from
Maiduguri Monday market. Cowpea (var kananede) was
obtained from the Mubi main market, Adamawa State, Nigeria.2.2. Preparation of sorghum ﬂour
About 15 kg of sorghum grains was cleaned using a
laboratory aspirator (Vegvari Ferenc Type OB125, Hungary)
to remove stalks, chaff, leaves and other foreign matter. They
were then washed with treated tap water in plastic basins and
sun dried on mats for 2 days (at 38 1C and relative humidity of
27.58%) to 12% moisture. This was then dehulled using a
commercial rice dehuller (Konching 1115, China) and milled
using an attrition mill (Imex GX 160, Japan) to an average
particle size of 0.599 mm. The ﬂour was packed in polythene
bags and stored for further use.
2.3. Preparation of cowpea ﬂour
About 3 kg of cowpea was soaked in water for 10 min to
loosen the seed coat. The kernels were then cracked in a mortar
with pestle. The seed coat was then washed off in excess
water. The beans were oven dried (Model: Chirana HS 201A,
Hungary) at 80 1C to 12% moisture content and milled into
ﬂour (Imex GX 160, Japan) to an average particle size of
0.422 mm before packing in polythene bags for further use
(Filli et al., 2010).
2.4. Blending of sorghum ﬂour with cowpea ﬂour and
moisture adjustment
Sorghum ﬂour was blended with cowpea ﬂour in varying
proportions (10%, 20%, 30% cowpea). The individual moisture
contents of the cowpea and sorghum ﬂours were determined (on
dry weight basis) using the hot air oven method (Egan et al., 1981)
and then the total moisture of the blends adjusted to the desired
level according to Zasypkin and Tung-Ching (1998), using the
formula below. The blends were mixed and the moisture allowed to
equilibrate for 1 h before extrusion.
Ccf ¼ rcf M  100wð Þ½ = 100 100Wcfð Þ½ 
Csf ¼ rsf M  100wð Þ½ = 100 100W sfð Þ½ 
Wx ¼MCcf–Csf
where Ccf is the mass of cowpea ﬂour (g); Csf, the mass of sorghum
ﬂour (g); Sf and Cf are sorghum ﬂour and cowpea ﬂour, respec-
tively; rcf and rsf are the cowpea ﬂour (%) and sorghum ﬂour (%),
respectively; M, the total mass of the blend (g); w is the moisture
content of ﬁnal blend (%);Wx is weight of water added (g); Wcf,the
moisture content of cowpea ﬂour (%); while Wsf is the moisture
content of sorghum ﬂour (%).
2.5. Speciﬁc power consumption
This is deﬁned as power consumed per unit feed rate (Sopade
and Le Grys, 1991) where power consumption is given by
1:85 R Q
500x100
where R and Q are the screw speed (rev min1) and torque (Nm),
respectively, while 500 is the maximum screw speed (rev min1)
and 18.5, the drive motor power (kW).
Table 1
Independent variables and their levels of replication.
Parameters Levels of replication
1 0 þ1
Cowpea ﬂour (%), X1 10 20 30
Feed moisture (%), X2 20 22.5 25
Temperature (1C), X3 120 140 160
Table 2
Central composite face centered (CCFC) design matrix and the independent
variables in their coded and natural forms.
Runs X1 X2 X3 Feed
composition (%)
Feed
moisture (%)
Extrusion
temp. (1C)
1. 1 1 1 10 20 120
2. þ1 1 1 30 20 120
3. 1 þ1 1 10 25 120
4. þ þ1 1 30 25 120
5. þ1 1 þ1 10 20 160
6. þ1 1 þ1 30 20 160
7. 1 þ1 þ1 10 25 160
8. þ1 þ1 þ1 30 25 160
9. 1 0 0 10 22.5 140
10. þ1 0 0 30 22.5 140
11. 0 1 0 20 20 140
12. 0 þ1 0 20 25 140
13. 0 0 1 20 22.5 120
14. 0 0 þ1 20 22.5 160
15. 0 0 0 20 22.5 140
16. 0 0 0 20 22.5 140
17. 0 0 0 20 22.5 140
18. 0 0 0 20 22.5 140
19. 0 0 0 20 22.5 140
20. 0 0 0 20 22.5 140
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This was determined according to the procedure of Alvarez-
Martinez et al. (1988). The following equation was used:
Apparent Specific Volume¼ πDe
2Lse
4
where Lse is the mean length of 1 g of extrudate material and
De is the diameter of the extruded material.
2.7. Mass ﬂow rate (MFR)
This was determined according to Nwabueze and Iwe (2006)
and Oke et al. (2010). When steady state was reached as deter-
mined by constant torque and barrel temperature, a timer (stop
watch) was started immediately. Samples of extrudates ﬂowing
out of the extruder die oriﬁce were collected after 60 s interval.
The mean weight of three of such collections was calculated for
each run in grams per minute converted to gram per second.
2.8. The extrusion process
Extrusion cooking was done in a single screw extruder
(Model: Brabender Duisburg DCE-330), equipped with a vari-
able speed DC drive unit and strain gauge type torque meter.
The extruder was fed manually through a screw operated
conical hopper. The hopper, which is mounted vertically above
the end of the extruder, is equipped with a screw which was
adjusted to 139 rpm. The samples were extruded at a screw
speed of 200 rpm, 2.0 mm die diameter and a length/diameter
ratio of 20:1. Experimental samples were collected when
steady state (constant temperature and torque) was achieved.
Variables considered were feed composition, feed moisture
content and temperature of extrusion. Extrudates were kept on
stainless steel work benches overnight to dry. They were then
packaged in polythene bags prior to analysis
2.9. Experimental design
The central composite face-centred design (CCFC) used in
this work was produced using MINITAB 14 statistical soft-
ware. Table 1 shows the process variables and their levels used
in the design. The experimental matrix used in this study,
based on central composite face-centred design, is as shown in
Table 2. The experimental space had 14 star points and six
central points, making a total of 20 runs. The data obtained
from the study was ﬁtted to the second-order polynomial
regression model (Annor et al., 2009) of the form:
Y ¼ b0þb1X1þb2X2þb3X3þb11 X1ð Þ2þb22 X2ð Þ2
þb33 X3ð Þ2þb12X1X2þb13X1X3þb23X2X3þε
where X1, X2 and X3 are the feed composition (cowpea ﬂour),
feed moisture and barrel temperature, respectively; b0 is the
regression constant; b1, b2 and b3 are the linear regression
terms; b11, b22 and b33 are the quadratic regression terms; b12,
b13 and b23 are the cross-product regression terms; and ε is theerror term. MINITAB Version 14 was used in the design of the
experiment as presented in Table 2.2.10. Statistical analysis
MINITAB version 14 statistical analysis software was
used in the statistical analysis of data. Analysis of variance
(ANOVA) was used to establish statistical signiﬁcance of the
model. Correlation analysis was used to test the relationship
between the predicted and observed values. Numerical opti-
mization and interactive graphs were used to optimize the
various input variables and responses.3. Results and discussion
3.1. Torque and speciﬁc power consumption (SPC) of the
process
The values for torque varied from 85 to 97 Nm (table not
shown). The torque is related to the power consumed by the
extruder and about 98% of the power input into the extruder is
used for shearing and less than 1.5% is consumed in pumping
D.I. Gbenyi et al. / Nigerian Food Journal 33 (2015) 1–74(Oke et al., 2010). Filli et al. (2012) reported torque for extruded
millet/soybean fura to be in the range of 13.98–30.86 Nm, which
is much lower than the values observed in this work. Oke et al.
(2010) however observed the torque of extruded water yam ﬂours
to vary from 19.75 to 73.25 Nm. Although all the reports were
based on single screw extrusion, the wide variations in torque may
be due to the differences in the feed type involved in the extrusion
process. The effect of extrusion conditions on the torque and SPC
is presented in Table 3. The torque was inﬂuenced by the negative
linear effect of feed moisture. Lowering the moisture content of
the feed material results in higher viscosity, which causes
throughput rate to decrease, pressure drop to increase, and power
consumption to increase (Lewis, 1987). The extrusion tempera-
tures were far higher than the gelatinization temperatures of both
cowpea and sorghum starches (74–75 1C) (FAO, 1995). This may
explain why the effect of temperature was no longer signiﬁcant on
the torque. The positive combined effects of feed moisture andTo
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Fig. 1. (a) Response surface curves for torque of sorghum–cowpea extrudates as aff
for torque of sorghum–cowpea extrudates as affected by feed composition and fee
Table 3
Regression coefﬁcients for physical properties of sorghum–cowpea extrudates.
Coefﬁcients Torque SPC
Linear
b0 308.32 728.82
b1 0.687 1.24
b2 18.458n 45.3
b3 0.268 0.36
Quadratic
b11 0.010 0.0250
b22 0.313 0.7790
b33 0.002 0.00
Interaction
b12 0.0030 0.0180
b13 0.0030 0.0070
b23 0.0360
nn 0.0860
R2 0.7895 0.7772
Adjusted R2 0.6001 0.5766
Lack of ﬁt ns ns
Y¼b0þb1X1þb2X2þb3X3þb11(X1)2þb22(X2)2þb33(X3)2þb12X1X2þb13X1X3þb2
perature; SPC¼speciﬁc power consumption, MFR¼mass ﬂow rate; ASV¼appare
ns¼Not signiﬁcant.
npr0.05.
nnpr0.01.extrusion temperature were also important in deﬁning the torque
of the process. The SPC was inﬂuenced by both the negative
linear effect of feed moisture and the positive interaction effects of
feed moisture and extrusion temperature. It was not inﬂuenced
by the quadratic terms in the model. The coefﬁcients of determi-
nation (R2) for torque and SPC were 0.79 and 0.78, respectively.
The lack of ﬁt for the models was not signiﬁcant (pr0.05) for
both torque and SPC indicating suitability of the model. The
correlation coefﬁcients of the observed and predicted values were
0.75 and 0.88 for torque and SPC, respectively. The feed moisture
and extrusion temperature were more important in inﬂuencing the
torque than the amount of cowpea in the feed.
3.2. Mass ﬂow rate (MFR) of the extrudates
The effect of extrusion conditions on the MFR is presented in
Table 3. The MFR was not signiﬁcantly (po0.01) inﬂuenced byTo
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d moisture.
MFR ASV
0 1.6618 16.877
60 0.0601 0.0841
40n 0.3432 2.1934
20 0.0479 0.5280nn
0.0005 0.0013
0.0079 0.0487
60 0.0002 0.0022nn
0.0012 0.0101n
0.0002 0.0008
n 0.0001 0.0017
0.6333 0.8612
0.3033 0.7362
ns n
3X2X3þε; X1¼Feed composition, X2¼Feed moisture, X3¼Extrusion tem-
nt speciﬁc volume.
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determination for MFR was 0.63. There was insigniﬁcant
(pr0.05) lack of ﬁt of the model signifying the adequacy of
the model. The correlation coefﬁcients of the observed and
predicted values were 0.78, thus validating the suitability of the
second-order model for predicting the MFR.
3.3. Apparent speciﬁc volume (ASV) of the extrudates
The effect of the independent variables on the ASV is
presented in Table 3. The ASV was signiﬁcantly (po0.01)
inﬂuenced by the linear effect of extrusion temperature. It was
also signiﬁcantly (po0.01) inﬂuenced by the quadratic effect
of extrusion temperature and the interaction effects of feed
composition and feed moisture. The R2 value was 0.86 with a
signiﬁcant lack of ﬁt. The correlation coefﬁcient (r2) for the
observed and predicted values was 0.93, indicating a good ﬁt
for the model. The extrusion temperature had the most
inﬂuence on the ASV, followed by the interaction effects of
feed composition and feed moisture.
3.4. Response surface plots for torque and speciﬁc power
consumption (SPC) of the extrudates
The response surface curves showing the effects of cowpea
ﬂour, feed moisture and extrusion temperature on torque are
shown in Fig. 1(a) and (b). The combined effects of feed moisture210
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Fig. 2. Response surface curves for the speciﬁc power consumption (SPC)
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Fig. 3. (a) Response surface curves for mass ﬂow rate (MFR) of sorghum–cowpea e
surface curves for mass ﬂow rate (MFR) of sorghum–cowpea extrudates as affecteand extrusion temperature caused a progressive increase in the
torque. It can also be seen that increasing feed moisture led to an
increase in the torque. Hsieh et al. (1990), working on corn meal
extruded with a twin screw extruder, reported that screw speed
was a more important determinant of per cent torque, speciﬁc
mechanical energy and die pressure. The screw speed of 200 rpm
was however kept constant in this work, hence it could not be
used to explain the variation in the torque and SPC. The values for
SPC varied from 201.71 to 229.28 Kw h1 kg1 (table not
shown). Increase in cowpea ﬂour and feed moisture led to an
increase in speciﬁc power consumption (SPC). The SPC equally
increased as the feed moisture and extrusion temperature were
raised (Fig. 2). The models developed suggested that the optimum
torque of 86.02 Nm for the production of a well-expanded
sorghum–cowpea extrudates could be achieved at a feed composi-
tion of 15.0%, 20.8% feed moisture and extrusion temperature of
138 1C, while the optimum SPC of 204.25 Kw h1 kg1 was
achieved at a feed composition of 17.5%, 22.5% feed moisture
and extrusion temperature of 122.5 1C.
3.5. Response surface plots for mass ﬂow rate (MFR)
of extrudates
The MFR of the extrudate samples ranged from 1.93 to
2.31 g s1. This is slightly higher than reports by Nwabueze
and Iwe (2006), Filli (2009) and Oke et al. (2010) for mass ﬂow
rates of extruded breadfruit/yellow maize/soybean, millet/cowpea
and water yam ﬂours, respectively. This variation may be
explained by the varying compositions (starch, proteins and fat)
of feed used for the extrusion process by the various authors.
The response surface curves showing the effect of extrusion
variables on the MFR are presented in Fig. 3(a) and (b). Increasing
the feed moisture led to signiﬁcant (po0.01) increase in the
MFR. Extrusion temperature and feed composition caused a slight
increase in the MFR of the extrudates. This is consistent with the
ﬁndings by Maurice and Stanley (1978) who showed that soybean
meal when extruded (on a Brabender extruder) at constant screw
speed, moisture but not temperature affected throughput. Extrusion
in this work was done at a constant screw speed of 200 rpm. The
optimum MFR of 2.2 g s1 predicted by the model was located at
30% cowpea supplementation, 25% feed moisture and 151 1C
extrusion temperature.M
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The ASV is directly related to the sectional expansion index,
which deﬁnes the amount of pufﬁng of the extrudates. Expansion
is an important characteristic of extruded products being developed
as snack and ready-to-eat products (Baladran-Quintana et al.,
1998). The values for apparent speciﬁc volume (ASV) for all the
extruded samples varied from 4.01 to 6.36 cm3. The response
surface curves showing the effect of extrusion variables on the
ASV are presented in Fig. 4(a) and (b). The ASV decreased
progressively with increase in feed composition. It however
marginally increased with feed moisture up to a maximum of
5.0 cm3 at feed moisture of 23.0% and then began to decline.
Asare et al. (2004) made similar observations that expansion ratio
decreased with increase in feed moisture. This is explained by
Falcone and Phillips (1988) and Saalia (1995) that expansion
phenomena is dependent on the viscous and elastic properties of
melted dough. Increasing feed moisture results in lower degree of
starch gelatinization for different products. The increase would
decrease the dough temperature, because moisture would reduce
friction between the dough and the screw/barrel, and have a
negative impact on the starch gelatinization, thereby reducing the
product's expansion. Extrusion temperature played a very signiﬁ-
cant (pr0.01) role in the ASV of the extrudates. Increasing
extrusion temperature along with feed moisture caused a marginal
decrease in the ASV and then sharply increased with further
increments in extrusion temperature. Anuonye (2012) similarly
reported that increasing barrel temperature along with the screw
speed led to increase in expansion ratio. This is in agreement with
observed trends of cereal extrusion (Hoseney et al., 1986). Higher
temperatures had been reported to enhance extrudates expansion
(Alvarez-Martinez et al., 1988). The more expanded or puffed a
sample is, the more the area occupied by a portion of the extrudates
and hence increased value of the ASV. Higher values of ASV are
therefore desirable in expanded breakfast cereals. The optimum
ASV of 5.0 cm3 was located at 12.0% cowpea ﬂour supplementa-
tion, 21.5% feed moisture and extrusion temperature of 151 1C.4. Conclusion
A well-expanded breakfast cereal was produced from sorghum–
cowpea blends. The values of SPC, torque, MFR and ASV variedfrom 201.71 to 229.28 Kw h1 kg1, 85 to 97 Nm, 1.94 to
2.31 g s1 and 4.01 to 6.36 cm3, respectively. The feed moisture
had the most inﬂuence on the torque and SPC followed by
extrusion temperature, while the amount of cowpea in the feed had
a marginal effect on torque. The ASV was most inﬂuenced by
extrusion temperature, followed by the interaction effects of feed
composition and feed moisture. The second-order model was
found sufﬁcient in describing the torque, SPC, MFR and ASV of
the sorghum–cowpea extrudates. It can therefore be used as a
predictor model for torque, SPC, MFR and ASV of the extrudates.
The optimum conditions established for the torque, SPC, MFR
and ASV will be useful in the production of extruded products
(from sorghum and cowpea) with a more consistent quality.Acknowledgements
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